Optical monitoring of S5 0716+714 was performed with a 60/90 Schmidt telescope in 2003 November and December and 2004 January for studying the variability of the object on short timescales. Because of the high brightness of the source, we could carry out quasi-simultaneous measurements in three bands with a temporal resolution of about 20 minutes by using one single telescope. Intraday and intranight variations were observed, showing an overall change of $0.9 mag during the whole campaign. Two outbursts were recorded on Julian Dates 2,453,005 and 2,453,009. Minimum timescales of a few hours were derived from the light curves of individual nights, but they were different from night to night. A bluer-when-brighter chromatism was present when the object was showing a fast flare but was absent when it was in a relatively quiescent state. Our results are basically consistent with the shock-in-jet model and demonstrate that geometric effects can sometimes play an important role in the variability of blazars.
INTRODUCTION
Blazars are a subset of active galactic nuclei (AGNs). These radio-loud flat-spectrum objects exhibit the most rapid and largest amplitude variations among all AGNs. The variations are thought to originate from a relativistic jet, which is believed to be at a small angle to our light of sight and which is probably powered and accelerated by a rotating and accreting supermassive black hole. There are basically two types of blazars, BL Lac objects and flat-spectrum radio quasars; the former have a featureless optical continuum, while the latter show many strong, broad emission lines.
Variability studies of blazars have been essential in understanding the physics of their central regions, which in general cannot be resolved even with existing or planned optical / infrared interferometers. The timescales, spectral changes, and correlations and delays between variations in different continuum components provide crucial information on the nature and location of these components and on their interdependencies. These parameters can be well studied with multifrequency observational campaigns, such as those coordinated for Mrk 421 (e.g., Buckley et al. 1996) , 3C 279 (e.g., Wehrle et al. 1998 ), S5 0716+714 (e.g., Raiteri et al. 2003; Wagner et al. 1996) , and PKS 2155À304 (e.g., Urry et al. 1997) .
The BL Lac object S5 0716+714 is well known for its intraday variability (IDV) in the radio and optical bands and has been the target of many monitoring programs, as mentioned above. Nesci et al. (2002) found a typical variation rate of 0.02 mag hr À1 and a maximum rising rate of 0.16 mag hr À1 for this object. Heidt & Wagner (1996) reported a period of 4 days in the optical band, while Qian et al. (2002) derived a 10 day period from their 5.3 yr optical monitoring. The latter authors also discovered a variation range of about 3 mag in the V band and 2.5 mag in both the R and I bands during their whole monitoring program. The optical and radio behavior of the object was recently presented by Raiteri et al. (2003) , based on 8 years of optical and more than 20 years of radio observations. Four major optical outbursts were observed at the beginning of 1995, in late 1997, at the end of 2000, and in fall 2001. An exceptional brightening of 2.3 mag in 9 days was detected in the R band just before a BeppoSAX pointing on 2000 October 30. The radio flux variations at different frequencies are similar, but the amplitude decreases with increasing wavelength. Its multiwavelength variability was described in detail in Wagner et al. (1996) .
The broadband spectral properties of S5 0716+714 seem to be between those of a low-frequency-peaked and a high-frequencypeaked BL Lac object (Ulrich et al. 1997) . The high-energy part of its spectral energy distribution is expected to peak in the MeV energy domain. A 450 ks INTEGRAL observation of S5 0716+ 714 proposed by the Landessternwarte Heidelberg group (principal investigator: S. Wagner) was performed from 2003 November 10 to 18. A number of ground-based radio and optical telescopes monitored this source during this period, including our 60/90 Schmidt telescope.
Our monitoring program covered the period from 2003 November 8 to 18 and from 2003 December 30 to 2004 January 5 with a temporal resolution of about 20 minutes. Unlike most previous investigations, which focused on the long-term variability of this object, we concentrated on its microvariability on short timescales because of our high temporal resolution. The short timescales and spectral behaviors were studied. Here we present the observational results and analysis. This paper is organized as follows: The observation and reduction procedures for the monitoring data are described in x 2. Section 3 presented the results, including the light curves, the analysis of the timescales and spectral changes, and some discussion on the sinelike light curves we observed. A summary is given in x 4.
OBSERVATION AND DATA REDUCTION
Our optical monitoring program was performed on a 60/90 Schmidt telescope located at the Xinglong Station of the Table 2 is published in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content. Notes.
- Table 4 is published in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content. Notes.- Table 6 is published in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content. National Astronomical Observatories of China (NAOC). A Ford Aerospace 2048 ; 2048 CCD camera is mounted at its main focus. The CCD has a pixel size of 15 m, and its field of view is 58 0 ; 58 0 , resulting in a resolution of 1B7 pixel À1 . The telescope is equipped with a 15 color intermediate-band photometric system, covering a wavelength range from 3000 to 10,000 8. The telescope and the photometric system are mainly used to carry out the Beijing-Arizona-Taiwan-Connecticut (BATC) survey and have shown their efficiency in detecting fast variabilities in blazars (e.g., Peng et al. 2003) .
The observations with the telescope are now highly automated. The telescope and filters can be controlled by a single computer command with a parameter file that specifies the telescope pointing, the filter change, the exposure time, etc. Once the observation starts, the work remaining for the observers is to check the quality of the observed CCD images and to pay attention to the weather conditions. In fact, after the night assistant prepared the hardware, the monitoring of S5 0716+714 was controlled remotely by a computer at the headquarters of NAOC in Beijing, which is about 140 km away from the telescope.
Our monitoring of S5 0716+714 was divided into two periods, one from 2003 November 8 to 18 (six nights, in fact, as a result of weather conditions) and the other from 2003 December 30 to 2004 January 5 (seven successive nights). The first period ( period 1) covered the duration of the INTEGRAL observation, and the second period ( period 2) was an extension of period 1. A filter cycle of e, f, and k (central wavelengths of 4873, 5248, and 7528 8, respectively) was used in period 1, and a typical exposure time of 200-300 s was able to produce an image with a good signal-to-noise ratio. Only the central 512 ; 512 pixels were read out for the CCD images, and the readout time was about 5.6 s. Accounting for the time for the filter changes, we achieved a temporal resolution of about 20 minutes in each band. This enabled us to realize quasi-simultaneous measurements in three BATC bands with a high temporal resolution by using only one telescope. The size of the 512 ; 512 image is 14A5 ; 14A5 and is enough to cover the BL Lac object and eight previously published comparison stars (Villata et al. 1998) .
During period 2 we changed the k filter to the more sensitive i filter (central wavelength of 6711 8), with which a shorter exposure time can produce images with the same quality as in the k band. The other observational procedures and constraints were the same as in period 1. The observational log and parameters are presented in Tables 1-6, with the observation date and time (UT), exposure time, Julian Date (JD), and BATC magnitude and error. The finding chart of S5 0716+714 and the comparison stars is illustrated in Figure 1 .
In order to obtain in real time the light curves of the BL Lac object, we developed an automatic procedure. The procedure includes the following steps: The CCD images were first flatfielded, then Bertin's SExtractor (Bertin & Arnouts 1996) was run on the CCD frames, and the instrumental magnitudes and errors of S5 0716+714 and the eight comparison stars were extracted. The average FWHM of the stellar images is about 4B0. A photometric aperture of 5 pixel (8B5) diameter was adopted during the extraction. The BATC e, f, i, and k magnitudes of the eight comparison stars were obtained by observing them and the BATC standard star HD 19445 in the same night and are listed in Table 7 . Then, by comparing the instrumental magnitudes of the eight comparison stars with their BATC magnitudes, the instrumental magnitudes of S5 0716+714 were calibrated into the BATC e, f, i, and k magnitudes, and the light curves in the four BATC bands were obtained.
RESULTS

Ligg ht Curvv es
The light curves are displayed in Figures 2 and 3 for periods 1 and 2, respectively. The large panels show the light curves of the BL Lac object, and the small ones present the differential magnitudes (average set to 0) between the fifth comparison star and the average of all eight. In order to show the variation clearly, we plot only the times when the BL Lac object was observed and exclude the daytime periods when no observations could be made.
All light curves show intranight fluctuations superposed on longer timescale variations. In period 1 (see Fig. 2 ) the variation is characterized by fast oscillations with small amplitudes. In the first night, or on JD 2,452,952, the BL Lac object was in a relatively high state. Then its brightness dropped in the following days and reached a minimum on JD 2,452,956. In the following 2 days, the BL Lac object got brighter, reaching another high state around the beginning of JD 2,452,959. The total magnitude change was about 0.4 mag in period 1, and the magnitude changes within individual nights were mostly about 0.1 mag, except for that on JD 2,452,956. The object appeared in a relatively quiescent state.
The observational accuracy in period 2 is higher than in period 1 as a result of better weather conditions. The light curves are characterized by a continuous (except on JD 2,453,006) increase in brightness. Two outbursts were observed on JD 2,453,005 and 2,453,009 with rapid brightening of more than 0.3 mag within 0.4 days. The most sharp increase in brightness occurred on JD 2,453,005. The i magnitude changed from 13.896 on JD 2,453,005.328 to 13.716 on JD 2,453,005.400 (see Table 6 ), resulting in a rising rate of 0.1 mag hr À1 . The total magnitude change is about 0.8 mag in period 2, which is a factor of 2 larger than that in period 1, and the object appeared to be in an active or flaring state.
The most unusual variation in period 2 was observed on JD 2,453,006: all three light curves look very close to sine curves (see Fig. 3 ), with an amplitude of about 0.1 mag and a period of about 0.21 days (5 hr). This kind of variation is of particular interest and is discussed in x 3.4.
In order to establish whether there is a time lag between the variations in different wave bands, we have calculated the z-transformed discrete correlation function (Alexander 1997) for periods 1 and 2 and for several individual nights. No significant time lag has been identified, except that a couple of nights show time lags from a few to less than 20 minutes between different wave bands. A time lag between variations in different wave bands will lead to an oscillating color index with respect to brightness rather than the bluer-when-brighter trend reported in x 3.3.
In both periods the light curves in different bands are consistent with one another. The rms values of the differential magnitudes between the fifth comparison star and the average of all eight are 0.011, 0.010, 0.012, 0.009, 0.008, and 0.010 mag in the six small panels in Figures 2 and 3 , respectively. These results demonstrate the accuracy of our magnitude measurements.
Timescales of Variability
A structure function (Simonetti et al. 1985) can be used to search for the typical timescales and periodicities of the variability. The characteristic timescale in a light curve, defined as the time interval between a maximum and an adjacent minimum or vice versa, is indicated by a maximum of the structure function, whereas the periodicity in a light curve causes a minimum of the structure function (Heidt & Wagner 1996) .
For S5 0716+714, structure function analysis was performed on the light curves of each individual night. Short timescales of a few hours were derived, but the results were different from night to night. For example, the structure function analysis (see Fig. 4, left) identified a timescale of 0.11 days (2.5 hr) and a period of 0.21 days (5 hr) for JD 2,453,006, which is consistent with the period clearly visible for the sinelike light curves on that night. Another example is that the same analysis on the light curves of JD 2,453,007 revealed timescales of 0.07 and 0.17 days (1.7 and 4.1 hr) and periods of 0.11 and 0.23 days (2.6 and 5.5 hr; see Fig. 4, right) . All timescales and periods are shown by dashed lines in Figure 4 . There is also a common timescale of about 20 minutes in all structure functions, but this timescale is identical to the temporal resolution of our monitoring and cannot be associated with the intrinsic variability.
IDV has been frequently reported at radio and optical wavelengths in BL Lac object S5 0716+714; our observations at optical bands reconfirmed such IDV phenomena in this source. Instead of the much longer optical timescales of 4-10 days derived by other authors (e.g., Heidt & Wagner 1996; Qian et al. 2002) , our dense monitoring enabled us to derive much shorter timescales for this object, which may constrain the physical processes that result in its fast microvariability (see discussion in x 3.4).
Spectral Behavv ior
The optical spectral change with brightness has been investigated for S5 0716+714 (e.g., Ghisellini et al. 1997; Raiteri et al. 2003; Villata et al. 2000 Villata et al. , 2004 and for other BL Lac objects (e.g., Carini et al. 1992; Romero et al. 2000; Speziali & Natali 1998; Villata et al. 2002) . Most authors have reported a bluerwhen-brighter chromatism when the objects show fast flares and an ''achromatic'' trend for their long-term variability. However, Raiteri et al. (2003) also noted for S5 0716+714 that, on short timescales, ''different behaviours have been found: sometimes a bluer-when-brighter trend is recognizable, while in some other cases the opposite is true; there are also cases where magnitude variations do not imply spectral changes.'' They suggested very dense monitoring with high-precision data to distinguish trends in the short-term spectral behavior of this source.
Our monitoring of S5 0716+714 with high temporal resolution enables us to study its spectral behavior with a high confidence level. Following most authors mentioned above, we use the color index to denote the spectral shape. The color index and brightness are taken as e À k and e þ k ð Þ=2 for period 1 and e À i and e þ i ð Þ=2 for period 2. The changes of the color index with brightness in the two periods are shown in Figure 5 . The solid lines show the best fits to the points and take the errors in both coordinates into consideration (Press et al. 1992) .
In period 1, or when the object was in a relatively quiescent state, the distribution in the color-brightness diagram is quite dispersed, and there is not an overall color change. However, in period 2, or when the object was in a flaring state, a clear bluerwhen-brighter chromatism is found. The linear fit has a slope of 0.077. The Pearson correlation coefficient is 0.636, and the significance level is 5:014 ; 10 À18 , suggesting a strong correlation between color index and brightness. This is in agreement with the results obtained by most authors mentioned above. Ghisellini et al. (1997) have deduced from their monitoring that two processes may be operating in this source: the first one would cause the achromatic long-term flux variations, while the second would be responsible for the short-term fast variations. Our results are somewhat different but still consistent with theirs; during the quiescent or low state, the variation may be dominated by the long-term component and does not show an overall spectral change, while in the active or flaring state, the variation is dominated by the short-term component and has a bluer-when-brighter chromatism.
That the spectra of S5 0716+714 change with its brightness has been observed at other wavelengths. For instance, Raiteri et al. (2003) reported a flatter-when-brighter trend in the radio wave band, and Cappi et al. (1994) discovered a steeper-whenfainter phenomenon in the soft X-ray. In fact, the spectrum changing with the flux at multiple wavelengths is a common feature in blazars (e.g., Aller et al. 1985; Urry et al. 1986; Sembay et al. 1993; Kniffen et al. 1993; Mukherjee et al. 1996) . This universal spectral behavior is nontrivial. It suggests a close relationship between the mechanisms responsible for the emission and variation in different wave bands. The analysis of spectral changes of blazars can put some strong constraints on the physical processes that are responsible for these variations (see discussion in x 3.4).
The Sine Ligg ht Curvv es
The perfect sine light curves observed on JD 2,453,006 are of particular interest because very few of this kind of light curve have been reported before. They mimic a periodic variation, but there is only one complete period (it is a great pity that our weather became bad just at the end of this period). Webb (1990) detected a sinusoidal component in the variations of 3C 120, but the period was much longer ($13 yr). For S5 0716+714, quasiperiodic oscillations have been detected by Quirrenbach et al. (1991) . Their light curves, however, are very different: they are sawtooth-like with sharp turnoffs, while our light curves are sinelike with smooth turns. Therefore, we come to the question: What mechanism can produce such sinelike light curves?
Some mechanisms have been proposed to explain the IDV phenomena of blazars. They can be largely classified into two types, extrinsic and intrinsic, as reviewed by Wagner & Witzel (1995) . The extrinsic mechanisms include interstellar scintillation (ISS) and gravitational microlensing. ISS is highly frequency dependent and only operates at low radio frequencies.
The IDV in the millimeter regime and the fast variability in the optical regime, as observed by us, cannot be caused by the ISS mechanism. On the other hand, microlensing is an achromatic process and results in symmetric light curves. However, color or spectral changes have been frequently observed in radio to X-ray wave bands for S5 0716+714, as mentioned in x 3.3. We have also detected a clear bluer-when-brighter chromatism. In addition, the light curves at all wavelengths, including our optical ones, are generally asymmetric. Therefore, the fast variation of S5 0716+714 is not likely to be due to microlensing. In fact, the close correlation between the optical and radio bands observed in S5 0716+714 (e.g., Quirrenbach et al. 1991; Wagner et al. 1996) provides strong evidence against an extrinsic origin for its variability.
The intrinsic interpretations mainly include accretion disk instabilities and the shock-in-jet model. The accretion disk model is able to explain some of the phenomena seen in the optical to X-ray range but cannot explain the radio IDV (e.g., Wagner & Witzel 1995) . The most frequently cited model is the shock-in-jet model, which has been widely used to explain the variability of blazars and quasars (e.g., Guetta et al. 2004; Jia et al. 1998; Qian et al. 1991; Romero et al. 2000; Wagner & Witzel 1995; and references therein) . The main idea of the model is that shocks propagate down the relativistic jet, whose plasma is hydromagnetically turbulent. At sites where the shocks encounter particles or magnetic field overdensities, the optical synchrotron emission is enhanced. The amplitude and timescale of the resulting variation depend on the power spectrum of the turbulence and the shock thickness. This kind of shock-injet model will naturally lead to the prediction of a bluer-whenbrighter phenomenon (Marscher 1998) , as observed in our case.
The shock-in-jet model still suffers from a number of problems in explaining IDV, such as the close correlation between the radio and optical variations. Therefore, geometric effects are sometimes invoked to account for some observational facts that cannot be interpreted satisfactorily by the shock-in-jet model. Geometric modulation in the context of shock-in-jet models is detailed by Camenzind & Krockenberger (1992) . They argued that knots of enhanced particle density are injected at a finite jet radius. In knots moving relativistically on helical trajectories, the direction of forward beaming varies with time. For an observer close to the jet axis, the sweeping of the beam will introduce flares as a result of the lighthouse effect. This will lead to quasi-periodic variations of a few oscillations; the variations are basically achromatic.
It is tempting to examine the color change on only JD 2,453,006, since perfect sinelike light curves were observed on that night. Figure 6 illustrates the color index versus brightness relation. The linear fit gives a slope of 0.256, which is very different from the overall slope of period 2. The correlation coefficient is 0.361, and the significance level is 0.170, which means a poor fit or no clear correlation between the color index and brightness. That is to say, the brightness changed nearly achromatically on JD 2,453,006. The only two known processes that can cause achromatic variability are microlensing and the lighthouse effect. Although microlensing has been ruled out as the dominant mechanism of the variability of S5 0716+ 714, it may still make some contribution. The symmetry in the sine light curves may indicate a microlensing event, but the concave shape of the second halves of the light curves cannot be explained in terms of microlensing. In addition, this very short timescale would require a transverse speed of v trans $ c when microlensing. Therefore, the most probable mechanism responsible for the sine light curves is the lighthouse effect. It may produce a periodic variation according to Camenzind & Krockenberger (1992) ; the variation is achromatic. In other words, the variation observed on JD 2,453,006 is likely due to geometric effects.
It is unclear whether all fast IDVs, especially the quasiperiodic ones such as those observed by Quirrenbach et al. (1991) , can also be explained in terms of geometric effects within the context of the shock-in-jet model. If the answer is yes, the actual timescales of the intrinsic flux changes will be longer by a factor of a few, and the deduced extremely high brightness temperature will be reduced by 1 or more orders of magnitude. This will help to resolve the large difference between the high brightness temperature ($10 17 K) and the Compton limit (<10 12 K), although not completely.
SUMMARY
During the periods of 2003 November 8-18 and 2003 December 30 to 2004 January 5, we carried out optical monitoring of the BL Lac object S5 0716+714 with a high temporal resolution. Intraday and intranight variations were observed, showing an overall magnitude change of about 0.9 mag during the whole campaign. Two outbursts were recorded on JD 2,453,005 and 2,453,009. Short timescales of a few hours were derived from the light curves of each individual night, but they were different from night to night. A bluer-when-brighter chromatism was present when the object was in an active or flaring state but was absent when it was in a relatively low or quiescent state.
Our observations have suggested that the fast microvariability in S5 0716+714 is basically consistent with the shockin-jet model. The analysis has also indicated that geometric effects can sometimes play an important role in the variability of blazars. Up to now, all theoretical models that have been proposed to explain the variability of blazars have their own individual difficulties (see, e.g., Wagner & Witzel 1995 for a discussion). In order to better understand the variability of blazars and to strictly constrain the theoretical models, simultaneous multifrequency campaigns with high temporal resolution should be the direction of future efforts.
